Background and Purpose-Computed tomographic perfusion represents an interesting physiological imaging modality to select patients for reperfusion therapy in acute ischemic stroke. The purpose of our study was to determine the accuracy of different commercial perfusion CT software packages (Philips (A), Siemens (B), and RAPID (C)) to predict the final infarct volume (FIV) after mechanical thrombectomy. Methods-Single-institutional computed tomographic perfusion data from 147 mechanically recanalized acute ischemic stroke patients were postprocessed. Ischemic core and FIV were compared about thrombolysis in cerebral infarction (TICI) score and time interval to reperfusion. FIV was measured at follow-up imaging between days 1 and 8 after stroke. Results-In 118 successfully recanalized patients (TICI 2b/3), a moderately to strongly positive correlation was observed between ischemic core and FIV. The highest accuracy and best correlation are shown in early and fully recanalized patients (Pearson r for A=0.42, B=0.64, and C=0.83; P<0.001). Bland-Altman plots and boxplots demonstrate smaller ranges in package C than in A and B. Significant differences were found between the packages about over-and underestimation of the ischemic core. Package A, compared with B and C, estimated more than twice as many patients with a malignant stroke profile (P<0.001). Package C best predicted hypoperfusion volume in nonsuccessfully recanalized patients. Conclusions-Our study demonstrates best accuracy and approximation between the results of a fully automated software (RAPID) and FIV, especially in early and fully recanalized patients. Furthermore, this software package overestimated the FIV to a significantly lower degree and estimated a malignant mismatch profile less often than other software. 
T
here is continued interest in physiological imaging to select patients for reperfusion therapy in acute ischemic stroke. 1 In this context, ischemic core volume is an increasingly important determinant for the success of reperfusion therapy. Accuracy of acute ischemic core volume estimates is clinically important, particularly as a volume of 70 mL is considered a critical upper limit, above which outcome is poor. [2] [3] [4] [5] Computed tomographic perfusion (CTP) analysis produces brain perfusion maps that indicate several parameters, including cerebral blood volume (CBV), cerebral blood flow (CBF), mean transit time (MTT), and time to maximum (T max ). These parameters are combined in different ways and based on different thresholds in a summary map to quantitatively distinguish between the ischemic core and hypoperfused tissue. 6, 7 The latter refers to tissue that is likely to have critically lowered perfusion and includes both salvageable tissue and already irreversibly damaged tissue (ischemic core). The difference between the hypoperfusion volume and the ischemic core volume indicates the tissue at risk.
Although commercial software packages for CTP analysis are widely available, there is an ongoing debate as to whether CTP analysis can estimate the final infarct volume (FIV) with sufficient accuracy. Furthermore, there is no clear consensus about which parameters and thresholds are optimal to accurately predict ischemic core and tissue at risk. [8] [9] [10] [11] [12] [13] On the basis of the various studies from Wintermark et al, König et al, and Olivot et al, vendors defined different parameters and thresholds for their CTP software. 6, [14] [15] [16] [17] [18] [19] [20] [21] [22] However, information is lacking about the predictive accuracy of CTP and FIV, particularly after mechanical thrombectomy (MT). Recent clinical trials of MT, which applied CTP for patient selection, showed a different benefit from the treatment effects of MT. 5, 23, 24 When comparing CTP postprocessing of the studies, it becomes obvious that different software packages were applied for CTP analysis. We, therefore, hypothesize that the accuracy of the various commercial CTP software packages differs in predicting the FIV after MT.
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Materials and Methods

Study Design and Patient Cohort
In this retrospective study, data were analyzed from patients who were admitted to our clinic between March 2009 and December 2013 and who met the following inclusion criteria: (1) acute ischemic stroke, (2) initial noncontrast-enhanced computed tomography (NCCT), CT angiography to confirm occlusion of the internal carotid artery terminus or the middle cerebral artery and CTP, (3) MT performed, and (4) follow-up NCCT or magnetic resonance imaging (MRI) between days 1 and 8. There was no restriction about age, clinical severity, or Alberta Stroke Program Early CT (ASPECT) score. According to standard guidelines, eligible patients were additionally treated with intravenous thrombolysis. Cases of severe motion artifacts or poor cardiac output generating erroneous CTP data were excluded. General indications for MT in our center were as follows: acute stroke with substantial neurological deficits (National Institutes of Health Stroke Scale [NIHSS] >6), occlusion of a targeted large vessel, lack of significant early ischemic infarct signs (ASPECT score ≥5), and perfusion imaging indicating a mismatch or when intravenous thrombolysis was contraindicated. Our cohort was not selected according to strict criteria as in clinical trials; and thus, it reflects the biases and preferences of real-world practice. Successful endovascular recanalization was defined as achieving a thrombolysis in cerebral infarction (TICI) reperfusion score of 2b or 3. NIHSS and modified Rankin Scale (mRS) were assessed at patient admission; additionally, mRS was assessed at discharge and day 90. The local medical ethics committee approved retrospective analysis of the anonymized patient data.
CTP Image Acquisition
All CT scans were performed using a 64-slice CT scanner equipped with a 40-mm wide detector (Brilliance 64, Philips Medical Systems, Best, The Netherlands). The imaging parameters for CTP were 80 kVp, 150 mAs, and 32×1.25 mm detector collimation and a scan duration of 60 s. After cerebral NCCT, CTP was conducted with the toggling table technique, allowing an extended coverage of the brain of 80 mm. A scan delay of 3 s was applied after injecting 60 mL (flow rate 5 mL/s) of iodinated contrast agent (350 mg I/mL Imeron 350, Bracco Imaging, Ravensburg, Germany). 26 CTP is performed using threshold values for relative CBF and relative CBV given by the vendor to distinguish between ischemic core (CBV <1.2 mL/100 mL) and hypoperfusion (CBF <35.1 mL/100 mL per minute). 19, 27, 28 Package C RAPID (iSchemaView Inc, Menlo Park, CA): At the time of the study, this software package was declared to be a research version; however, it is now Food and Drug Administration approved. In contrast to package A, RAPID uses a delay-insensitive algorithm. Ischemic core is diagnosed if the relative CBF is <30% of that in normal tissue. 8 Hypoperfusion is distinguished from minimally hypoperfused tissue if the T max delay is >6 s. [20] [21] [22] 29 An example of the CTP analysis results as calculated by the 3 software packages and the FIV is shown in Figure 1 . For consistency of data evaluation among the 3 software packages, only one investigator (F.A.) analyzed all CTP imaging studies. Software packages A and B require registration, segmentation, and definition of perfusion parameters. Package C is a fully automated software allowing rapid online estimation of perfusion maps and mismatch.
CTP Image Postprocessing and Analysis
Final Infarct Volume
FIV was assessed between days 1 and 8, using a dedicated opensource imaging software (OsiriX v.5.8.2 32-bit, Pixmeo SARL, Bernex, Switzerland) to analyze NCCT or diffusion-weighted imaging in MRI. If both CT and MRI were performed, MRI data were used to calculate FIV. A region of interest of the subacute lesion was outlined manually with optimal window settings in each axial slice of the respective NCCT or diffusion-weighted imaging and the FIV calculated. Secondary hemorrhages were classified according to the radiographic ECASS (European Cooperative Acute Stroke Study) criteria 30 and included in the FIV.
Statistical Analysis
All data sets were checked for normality before analysis with the appropriate parametric or nonparametric tests. Wilcoxon test for paired differences was used as a nonparametric test. P values of <0.05 were considered statistically significant. Descriptive statistics, correlation coefficients, and linear regression analysis were Figure 1 . Example of computed tomographic perfusion analysis results calculated by the 3 software packages A (A), B (B), and C (C) of a 76-year-old man with occlusion of the left middle cerebral artery. All summary maps were generated from the same source images. Color codes for the ischemic core, hypoperfusion, and the respective volumes are in package A: red (61 mL) and green (52 mL), in package B: red (30 mL) and yellow (115 mL), and in package C: pink (10 mL) and green (152 mL), resulting in a mismatch ratio of 0.85 (A), 3.83 (B), and 15.2 (C). The infarct area was outlined in every slice (D) to calculate the exact final infarct volume (7.14 mL). Times from symptom onset to imaging were 90 min and from imaging to complete reperfusion 105 min. Because of non-normality of the data, median values and interquartile ranges (IQRs) were calculated and are presented, rather than means and SDs. A volumetric agreement comparison (BlandAltman plot) between ischemic core and FIV was performed for each package in successfully recanalized patients according to the TICI score; this was then subdivided by time intervals between CTP and reperfusion into very early (≤110 minutes), early (≤144 minutes), and late (>144 minutes) groups. The time of 144 minutes was chosen because it represents the median time interval and, at ≤110 minutes, is the first IQR from CTP to reperfusion in our cohort. Furthermore, we analyzed cases in which CTP estimated a malignant mismatch profile and determined whether the respective FIV was smaller or larger than 70 mL. Malignant mismatch profile is defined as ischemic core >70 mL, or absolute volume difference <10 mL, or ratio of hypoperfusion and ischemic core <1.2.
5,31
Statistical analyses were performed with IBM SPSS Statistics 23 (SPSS Inc an IBM Company, Chicago, IL).
Results
Patient Characteristics, Clinical Outcomes, and Procedural Characteristics
Retrospective analysis of our database identified 147 patients. For patient characteristics, clinical outcomes, time lapses, and endovascular procedures please see Tables I and II in 
Radiological Data
Radiological findings are summarized in Tables III through V in the online-only Data Supplement.
Final Infarct Volume
In 147 patients, median FIV was 38 mL (IQR, 14-126). Patients in whom recanalization was successful (n=118) had a significantly lower FIV (30 mL, IQR, 13-92) than nonsuccessfully recanalized (n=29) patients (114 mL, IQR, 50-247; P<0.001). Small petechial hemorrhages (HI 1) were observed in 11 (7.5%), more confluent petechial (HI 2) in 11 (7.5%), parenchymal hematoma <30% of infarcted area with mild space-occupying effect (PH 1) in 6 (4%), and parenchymal hematoma >30% of infarcted area with significant space-occupying effect (PH2) in 3 (2%) patients. No significant correlations were observed between patients with and without intravenous thrombolysis and secondary hemorrhages (P=0.863) and between the TICI score and secondary hemorrhages (P=0.563). However, there was a significant correlation between the occurrence rate of secondary hemorrhages and a large FIV on follow-up imaging (P<0.05).
Ischemic Core
The median ischemic core volumes were significantly different between packages A (largest ischemic core) and C (smallest ischemic core), but not between packages A and B (P=0.65). All software packages only demonstrated a small difference in the absolute median differences between the ischemic core and FIV, depending on the degree of recanalization and time between CTP and reperfusion; however, distributions were different. Smaller IQR were found in package C than in A and B (Figure 2 
Hypoperfusion Volume
The hypoperfusion volumes differed significantly among all the 3 software packages (P<0.001). The smallest median volumes were estimated in package A with 93 mL (IQR, 65-118), the largest in B with 190 mL (IQR, 158-219), and 125 mL in C (IQR, 80-174). Considering the median absolute differences between hypoperfusion volume and FIV in patients with TICI 0-2a, package C overestimated the volumes to a lesser degree (28 mL; IQR, −74 to 98) than package B (58 mL, −78/113), whereas only package A underestimated the volumes (−50 mL; IQR, −168 to 14).
Estimation as Malignant Mismatch Profile
According to the mismatch criteria described above, package A, when compared with B and C, estimated more than twice as many patients with a malignant mismatch profile (P<0.001; Figure 3) 
Discussion
The aim of this study was to assess the prognostic accuracy of CTP summary maps in predicting the FIV in patients with acute ischemic stroke after MT, comparing 3 different commercially available software packages. We analyzed a large study population (n=147) of patients with an acute largevessel occlusion in the anterior circulation in whom mechanical recanalization was performed using second-generation stent retriever devices, allowing us to accurately record times between CTP imaging and reperfusion and the final degree of recanalization. A further advantage of this study was that only 1 CT scanner and a standard CTP protocol with a brain coverage of 80 mm were used. The FIV was calculated by follow-up imaging with diffusion-weighted imaging-MRI or NCCTs.
Our study showed that, ultimately, all software packages only demonstrated a small difference in the absolute median between the ischemic core and FIV, depending on the degree of recanalization and time between CTP and reperfusion, but the distributions were different. The higher precision and
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accuracy of the RAPID software, in particular in early and fully recanalized patients, is an important finding of our study because nowadays with newer endovascular technology and increasing experience, faster and more complete reperfusion rates can be achieved. The comparison between ischemic core and FIV demonstrated a significantly lower overestimation of FIV with package C than with packages A and B.
With increasing ischemic core volumes, CTP demonstrated increased deviation from FIV.
One reason for the advantage of package C over A and B can be found in the use of different algorithms: package A uses a delay-sensitive deconvolution algorithm, whereas packages B and C use a delay-insensitive deconvolution algorithm. Only the latter corrects for the arrival delay of contrast agent, explaining the differences in the volume predictions and overestimation of MTT in the delay-sensitive method. 32 A further important reason for the advantage of package C over A and B can be found in the hypoperfusion volume estimates. Here, package A predicts a significantly smaller hypoperfusion volume than packages B and C. Apart from the different algorithms used, different definitions for ischemic core and hypoperfusion based on CTP parameters such as MTT, CBV, CBF, and T max may play a role. In comparison to package C, which showed the smallest deviation in the hypoperfusion volume in nonsuccessfully recanalized patients by using T max , package A underestimated and package B significantly overestimated this volume. Applying T max as a reliable parameter to define the hypoperfusion was also recently confirmed by a study of Olivot et al. 33 
Estimation as Malignant Mismatch Profile
For the decision-making process, both over-and underestimation of the ischemic core and the hypoperfusion volume may have important clinical consequences in the management of acute stroke. According to the result of one software package, clinicians may exclude a patient from endovascular stroke treatment, whereas they would include the same patient according to the results of another package. Our findings are in contrast to the study of Abels et al 34 who found no greater effect of different postprocessing algorithms for decision making. This might be why various studies have seen a benefit in CTP-based imaging selection, 5,23 whereas others did not. 24 Furthermore, our results demonstrated that each software package gave false-positive estimates for a malignant profile and a respective FIV <70 mL. On the basis of our findings, patients with acute ischemic stroke might be excluded from effective endovascular therapy as a result of a malignant profile; this applies in particular for patients in an early time window. However, it is critical that these selection techniques do not exclude patients who could potentially benefit from MT. Therefore, the thresholds of the mismatch criteria, which were developed in the era of intravenous thrombolysis with prolonged and often incomplete reperfusion, would need to be adapted to the recently introduced faster and more efficient endovascular treatment of acute ischemic stroke. Thus, CTP analysis should be interpreted with respect to the time frame, the individual ischemic patterns, and the degree of collaterals. CTP only represents a snap shot of the individual infarct situation and in the dynamic process of stroke. Volume differences between prognosis and FIV are crucially dependent on the degree of recanalization ultimately achieved, the time needed for recanalization, additional reperfusion injuries due to recanalization, edema, or temporary dysregulation of the systemic blood pressure due to additional medical treatment.
In accordance with the latest trials on MT, 5, [35] [36] [37] [38] [39] our study population demonstrated a significant benefit from successful recanalization with significantly better clinical and imaging outcomes than nonsuccessfully recanalized patients. Although selection of our patient population was not ideal compared with the controlled thrombectomy trials, 5, 35, 38 our study has the advantage of reflecting daily clinical routine better. Nevertheless, our results about predictive accuracy of FIV are in good agreement with the results in the subanalysis of SWIFT PRIME, 40, 41 despite the generally longer time windows in our population. This supports the idea that CTP may have the potential to widen the individual time window beyond 6 hours for MT.
Our study has several limitations, including the retrospective analysis of the acquired data. Furthermore, we used CT or MRI scans performed between 1 and 8 days as the reference standard for FIV; however, brain edema after stroke commonly has a maximum peak at day 4, which potentially influences the measurement of the FIV. We, therefore, acknowledge that the definition and measurement of the FIV are not distinct and we, thus, cannot exclude the possibility that the infarct may has progressed between the different time points of follow-up imaging. We focused our evaluation of the 3 software packages only on the prognostic capability and did not evaluate practical aspects, such as reproducibility, practicability, and time required for the application. However, compared with semiautomated software (eg, Philips, Siemens), it has already been shown that automated CTP-based mismatch selection is rapid and robust in clinical practice. 42 Thus, automated software, such as RAPID, has the potential to improve the reliability and reproducibility of CTP and extends the application of this tool beyond highly specialized academic centers. Still, there is a need to standardize CTP analysis in both clinical practice and for future stroke research.
Conclusions
This study showed significant differences between 3 CTP packages in the predictive accuracy of FIV after MT. The highest precision and a good accuracy were found for the RAPID software (package C), which was superior to the Philips (package A) and Siemens software (package B). Of the 3 packages, the Philips software would imply a more restrictive patient selection. The Siemens software significantly overestimated the hypoperfusion volume compared with the others.
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